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Many questions concerning the development of glomerulopa-
thy in diabetic patients still challenge research in the field, but
for some of these questions answers cannot be sought in
humans. Knowledge of certain aspects of the development of
glomerular lesions in the diabetic state can be achieved by
studying animal models. It is well established from a great
number of studies that several animal species with an induced
diabetic state develop glomerular structural abnormalities [1].
Before preparing an animal experiment for a specific pur-
pose, it is important to know whether or not the animal in
question is useful as a model for the structural abnormality
under study. Any particular experimental animal model of
diabetes mellitus may well conform to the human condition in
some aspects and differ in others.
The aim of the present study was to obtain a quantitative
description of glomerular structures relevant to diabetic glomer-
ulopathy over a long duration of diabetes in streptozotocin
diabetic rats. Additionally, information was sought concerning
the course of the rapid and initial glomerular hypertrophy
characterized by an enlarged glomerular surface [2, 31.
Methods
The animals were highly inbred Lewis male rats with a body
weight of 250 to 350 g at the beginning of the study. Diabetes
was induced by an intravenous injection of streptozotocin, 60
mg/kg of body weight. The criterion for inclusion in the diabetic
group was a blood glucose above 300 mgldl at day 7. The
diabetic animals were not given any insulin treatment. All
animals had free access to ordinary laboratory chow and water.
Blood glucose was measured with an Ames® reflectance meter
after the first week and at sacrifice.
During ether anesthesia a wedge of cortical tissue was
excised. One part was fixed in formaldehyde and embedded in
paraffin for light microscopy, whereas the other part was cut
into small blocks and fixed in 3% glutaraldehyde in phosphate
buffer, pH 7.4, for 1 hr, postfixed in 2% osmium tetroxide in
phosphate buffer, pH 7.4, for 1.5 to 2 hr (4°C), dehydrated in
alcohol, and embedded in epon.
The present report comprises eight nondiabetic rats and, for
the light microscopic part of the study, 38 diabetic animals. For
electron microscopy 14 of the diabetic animals, evenly distrib-
uted over the experimental period, were selected, without prior
knowledge of the associated alterations on light microscopy.
After the biopsy as described above, most animals were kept in
the experiment for further investigation not described here. The
present study therefore reports only data from one biopsy per
animal and, in case of multiple biopsies, the first one.
Light microscopy. Paraffin sections stained with either Peri-
odic acid silver methenamine (PASM) or Periodic acid Schiff
(PAS) were used for the determination of glomerular size,
applying the procedure developed by Weibel [4]. This method
requires only determination of the mean glomerular random
cross-sectional area, A(G), by counting points hitting the ran-
domly selected glomerular profiles and counting these profiles.
The mean glomerular volume is obtained as:
V(G) = x [A(G)}312
where 1 = 1.38 pertains to spheres, and K (a distribution
coefficient) is taken to be 1.10 [4]. The counting was done in the
unbiased counting frame [5] on systematically sampled visual
fields at 203 x magnification using a projection head fitted to the
microscope. In each animal at least 30 glomerular profiles (50
on the average) were analyzed. A glomerular profile was
defined as the minimal convex polygon circumscribing the
capillary tuft.
Electron microscopy. Thin sections were stained with uranyl
and lead, and photographed with a JEOL 100C or 100B at low
magnification (3200x), hereinafter termed LMEM, and at high-
er magnification (11,400 x, or HMEM). The LMEM micro-
graphs covered the whole glomerular profile. They were super-
posed with a point and line grid (Fig. 1) with test line segments
and with three sets of points. All estimates were obtained by
standard stereological methods [4]. Details about these proce-
dures in the specific context of quantification of glomerular
ultrastructure have recently been reported elsewhere [3, 61,
whereas the principles and the practical sampling procedures
for estimating true basement membrane (BM) thickness are
outlined in the following. The combination of the stereological
data obtained at light- and electron microscopy provides esti-
mates of total structural quantities, for example, the total
filtration surface in 2 in a glomerulus of average size in the
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Fig. 1. Low magnfication electron micrograph of a rat glomerulus
delineated by the circumscribed minimal convex polygon with test grid
superposed. The test points (crosses) were used for estimating volume
fractions of various structures and the test lines for capillary surface
densities. The length of a test line is 7.8 p.. The dashed rectangles show
the approximate position of fields sampled at the high magnification.
individual animals. The comparisons between groups of animals
rest on the assumption that there is no systematic deviation in
the total number of glomeruli between the groups. In the
present series the assumption is reasonably fulfilled by the
random allocation of the inbred animals to the two experimental
groups at the start of the experiment.
Principle for estimating true basement membrane thickness.
The apparent basement membrane thickness (BMT), that is, the
width of the trace as it appears on micrographs, depends on the
true width as well as on the angle of sectioning.
To obtain the true BMT from the apparent thickness, the
distribution of angles between the basement membrane and the
sectioning plane is key. When, but only when, this orientation
distribution is known, it is possible to compute the correction
factor which relates true to apparent thickness. In practice the
only distribution which one can obtain is that of random
orientation distribution of the sections. It is characterized by
the fact that every particular angle is equally likely to occur. In
practical terms it is obtained by embedding the small bits of
tissue in plastic without knowing anything about the orientation
of the BM and then performing proper, systematic sampling at
all the following steps, as described below. The correction
factor turns out to be ir/4 0.79 for membranes sectioned at
random [7]. All we have to do, therefore, is to measure
systematically a number, N, of apparent BMT, €, and calculate
their arithmetic mean, ?a = 1/N. The estimate of the true
arithmetic mean BMT is: Ta = . All systematic variation
due to the sectioning angle is eliminated by use of the factor 'rrI4,
and the impact of the remaining variation in true BMT on our
estimate is reduced by taking the mean, as usual, of many
observations. The distribution of true BMT is, however, mark-
edly right-skewed [8], and the arithmetic mean is therefore not a
most efficient estimator. Moreover, a certain, although limited,
bias is always present in our estimates, due to curvature and
Fig. 2. Left: distribution of apparent membrane thickness in mm on
micrographs from the 1-month (open histogram) and the 17-,nonth
(hatched) diabetic rats, respectively, shown in Fig. 4. The two arithme-
tic mean apparent thicknesses are indicated. Right: the same two
distributions but on a reciprocal abscissa, the harmonic mean apparent
thicknesses are indicated. The absolute frequencies are shown in
Table 1.
unevenness of the BM, and this bias is not at minimum in the
arithmetic mean BMT. For these and other reasons it is
advantageous to estimate the harmonic mean BMT, which is
the reciprocal of the mean of reciprocal thicknesses (Fig. 2).
Sampling and measuring is just as described above, but the
harmonic mean apparent thickness must be calculated, 4 = N
+ I l[C and another correcting factor must be used: Th = 8/(3ir)
h [7, 9]. The efficiency of Th is about 200% higher than that of
Ta, that is, only measurement of 150 apparent thicknesses is
needed of the glomerular BM in order to obtain the same
precision in Th (SEM --2%) as with 480 measurements for Ta [71.
Furthermore, the bias in Th is no longer detectable. For other
tissues, some details will differ, but all the above principles are
invariant when best estimates with least efforts are wanted.
The practical procedure for estimating BMT. On semithin
sections the glomerular profile which has its center closest to
the center of the section is selected for thin sectioning, provided
its centre is more than a maximal glomerular radius from the
edge of the section [10]. The fields within the glomerular cross
section to be photographed with the electron microscope are
selected independently and systematically moving the specimen
stage handles in predetermined steps, for example, one-quarter
or one-half turns (Fig. 1). The micrographs are superposed by a
transparent systematic line grid, and the apparent thickness of
the BM is classified using a transparent ruler (Fig. 3), at all
places where a test-line intersects the endothelial aspect of the
BM. The line grid and the ruler are photoreproduced at appro-
priate magnifications on transparent film (Agfa, Copyproof
CPN, and CPF) from ordinary drawings at a larger scale. The
distance between test-lines and thereby their total length deter-
mines the number of apparent thicknesses measured on a given
set of micrographs (doubling the distance halves the number of
measurements). The final magnification of the ruler is the
smallest one for which no observations fall in the very first class
(Class no. —1 in Fig. 3). The harmonic mean apparent thickness
eh is calculated in millimeters as examplified in Table 1. The
final magnification, M, is estimated from photographs of a
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Fig. 3. Part of high magnification electron micrograph of a rat glomerulus with test lines superposed. The apparent thickness of the basement
membrane (perpendicular to the epithelial aspect) was classified using the ruler (shown below) at all points where the test lines intersect the
endothelial aspect of the membrane. Some measurements must be taken across the edge of the test grid, and a guard area around the grid is
therefore necessary. The distance between two test lines is 3.7 . The micrograph and the ruler are shown in actual sizes. The ruler is equidistant
on a log(1/e)-scale; also see Table 1.
Table 1. Calculation of harmonic mean apparent basement membrane widtha
Class
no.
A
Lower limit
mm
B
1/Lower limit
mm
C
Class midpoint
mm1
Dl
No. of
observations
DIxC D2
No. of
observations
D2xC
0 1.50 0.667 0.574 57 32.72 0 0
1 2.09 0.480 0.413 57 23.54 0 0
2 2.90 0.345 0.297 36 10.69 9 2.67
3 4.02 0.249 0.214 17 3.64 26 5.564 5,60 0.179 0.154 2 0.31 49 7.55
5 7.77 0.129 0.111 0 0 33 3.66
6 10.8 0.0927 0.0797 0 0 9 0.72
7 15.0 0.0667 0.0574 0 0 2 0.11
8 20.9 0.0480 0.0413 0 0 0 0
9 29.0 0.0345 0.0297 0
169
0
70.90
0
128
0
20.28
169
= 2.38 mm 128= = 6.31 mm
Constants of the ruler (columns A to C) and number of observed apparent thicknesses from a I-month (DI) and a 17-month (D2) diabetic rat
(distributions shown in Fig. 3). The ratio between adjacent class limits (column A) and midpoints is IO" — 1.39 (10" — 0.720 on the reciprocal
scale in columns B and C). The calculation of the harmonic mean annarent thickness. &. is illtistrnfed
—
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Fig. 4. Harmonic mean basement membrane thickness, nm, in control(•) and diabetic (0) rats in relation to observation period, diabetes
induced at time 0. The regression lines are drawn.
calibration grid, photographed in the electron microscope and
printed at the same time as the micrographs. The harmonic
mean BMT in nanometers is
8 106Th=—'—€h3ir M
Three random glomerular cross sections were examined per
animal, unless the total number of intercept measurements was
less than 100 in which case a fourth random section was
included. An average of 7 electron microscope fields were
photographed per cross section covering approximately 30% of
the glomerular cross section. The test line distance was 45 mm,
and total line length was 180 cm per micrograph, giving rise to
an average of about 150 intercept measurements per animal.
The reason for using three glomerular cross sections per animal
was that the filtration surface was also estimated on the same
glomeruli (at LMEM) [11]. If only an estimate of harmonic
mean BMT is desired, two glomerular cross sections and
roughly the same total number of micrographs and intercepts
per animal is optimal when cost and statistical efficiency are
considered [121.
Statistics. The presence of marked changes of all structural
quantities in normal rats in relation to age necessitated the use
of comparisons of regression lines rather than group mean
values. Ordinary, parametric linear regression analysis was
used throughout [13]. In cases where several animals were
studied at each point of time the linearity of the relationships
was tested. Two linear relationships may have different slopes
or, if the slopes are not different, they may show displacement
parallel to the y-axis. In both cases their intercepts with the y-
axis, the predicted value at the start of the observation period,
can meaningfully be compared since time relationships are
involved.
When testing the presence of a significant regression, a two-
sided 5% probability level was used in all cases. When compar-
ing diabetic and controls, a one-sided 5% limit of confidence
was adapted, thereby ignoring the possibility that the model
.
a,
0 I I I
6 12 18
Time, months
Fig. 5. Body weight in control (•) and diabetic (0) rats in relation to
observation period.
might behave opposite to expectation, for example, that diabet-
ic animals might show a thinner BM than control rats.
Results
Figure 4 shows the BMT in control and diabetic animals. In
both cases there was a highly significant linear increase in
relation to age, 12.6 0.9 nm/month (mean SD), or duration
of diabetes, 18.9 1.2 nm/month, r> 0.97, 2P < 0.00001. The
increase in BMT due to diabetes, (that is, the difference in
slopes) was also highly significant, P = 0.0003, whereas the y-
intercepts (BMT at the start of the experiment) were identical.
The average blood glucose values in diabetic rats (data not
shown) were constantly 350 mg/dl throughout, and did not
indicate that the long-term survivors had a milder diabetes than
those selected for study after a short period of diabetes.
The well-known loss of body weight in diabetic rats is
illustrated in Figure 5. It amounted to 50% throughout most of
the experimental period, but a slow weight gain in the diabetic
animals tended to reduce the difference at the end.
The average glomerular volume, V(G), in the two groups is
shown in Figure 6. There was a significant increase in V(G) in
control rats with age (r = 0.88, 2P = 0.004). In diabetic animals
the analogous regression was not linear, however, (F 4.84, 2P
<0.01). In the first 8-month period there was a significant (P =
0.00069) parallel displacement of the regression line (r =0.56,
2P = 0.0059) in diabetic animals, whereas during the remaining
period no further increase was seen. In consequence, the two
groups showed identical glomerular volume after 1.5 years.
The relative volumes of the mesangium within the glomerular
tuft and of the BM-like material within the mesangium were also
calculated (data not shown). In neither case was there any
significant regression with age or duration of diabetes in con-
trols or diabetics. Moreover, there was not even a tendency to a
progression with duration in diabetic rats compared to control
rats.
Figure 7 shows the absolute mesangial volume in an average
glomerulus in control and diabetic rats. The relation to age and
diabetes duration, respectively, was highly significant (r> 0.92,
2P < 0.001). Comparison of the two regression lines showed a
significant, parallel displacement, P = 0.0016. The total amount
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Fig. 6. Mean glomerular volume, 103px3, in diabetic (0) and control (•)
rats. Regression lines for control, and 1-to-8-month diabetic rats are
shown. The dashed, horizontal line indicates the mean glomerular
volume in rats with 10 to 17 months' duration of diabetes.
of mesangial BM material shown in Figure 8 showed precisely
the same overall pattern, the above test parameters were (r>
0.86, 2P < 0.0002) and P = 0.00017.
Total glomerular surface is shown in relation to the observa-
tion period in Figure 9. For control rats the correlation is
significant (r 0.75, 2P = 0.031), whereas no correlation
obtained for diabetic rats (r = 0.32, 2P = 0.26). The 110% larger
intercept on the y-axis for the diabetic group was highly
significant, P < 10-6.
The total amount of ultrastructurally defined BM material in
the peripheral capillary wall is shown in Figure 10, for both
groups the regression with age or duration of diabetes is
significant (r > 0.86, 2P < 0.003), and the parallel regression
line for the diabetic rats is displaced significantly above that of
control rats, P = 0.0012.
Discussion
The present animal study confirms that rats with an exogen-
eously induced beta-cell destruction, resulting in a diabetic
state, develop glomerular structural abnormalities.
In which aspects does the rat reflect the development in
human diabetes? In answering this question we shall adhere to
the distinction between two different types of glomerular abnor-
malities: the glomerular hypertrophy of early diabetes and the
slowly developing long-term diabetic glomerulopathy.
The changes of early glomerular hypertrophy [2] were all
found to be present in the rats that had been diabetic for one to a
few months, i.e., increased glomerular volume, glomerular
surface, total peripheral BM volume, and mesangial volume as
illustrated by the presence of data points above those of
controls in Figures 6 to 10, and expressed either by the
displacement of parallel regression lines or a significant y-
intercept at the beginning of the experiment. The extrapolation
of the data back to the start of the experiment is only a way of
showing statistically that the very early changes are significant.
These changes obviously develop in the days after the induction
of diabetes. Concerning the further development of these
changes, comparing them to human diabetics is not possible;
Time, months
Fig. 7. Absolute mesangial volume, in a mean glomerulus in
control (•) and diabetic (0) rats, with the respective regression lines
indicated.
data are not available. It is an interesting finding in the present
series that the glomerular volume and the capillary surface in
the long-term diabetic rats ended up in the normal range. One
very difficult problem in the interpretation of these data is the
fact that the long-term diabetic animals show considerably
lower body weight than the controls (Fig. 5). This is, of course,
inevitable when moderately or rather severely diabetic animals
are wanted for a study of over a long span of time. But it is hard
to set the standard of what should be expected about mean
glomerular volume, for example, in such animals with a greatly
diminished body mass because we do not have comparable
nondiabetic animals. To give structural quantities per gram of
body weight is just as arbitrary as a host of other corrections,
neither of which solves the basic incompatibility of the two
groups of animals. Being rather cautious, therefore, it is con-
cluded that none of the observations in this study, nor any other
published results, are in conflict with the tentative conclusion
from previous short-term experiments [2, 3]: that the acute
glomerular hypertrophy is arrested at an early stage and does
not progress. The regression of certain parameters (glomerular
volume and filtration surface) may be apparent rather than real
due to a potentially inappropriate control group.
The classical long-term human diabetic glomerulopathy, an
integral part of the generalized diabetic microangiopathy, is in
its early stages foremost characterized and most precisely
parameterized by BM thickening. In man, an increase in
thickness is demonstrable after about 2 years of diabetes, and in
5-year diabetics it amounts to about 30% [14]. We do not have
precise data on the further development, but the end-stage
picture indicates that the thickening progresses year by year,
albeit later at a somewhat slower rate. Data on the mesangial
regions show that initially, over the first years of diabetes, there
is no increase in mesangial volume as a fraction of the whole
tuft, whereas a slight increase in the relative volume of BM-like
material within the mesangial regions is just demonstrable [14].
In the advanced stages this change is much more pronounced,
and at that time the volume of the mesangial regions as a
fraction of the glomerular tuft has increased dramatically,
thereby contributing to the progressing obliteration of
glomeruli.
The results of the present series demonstrate the thickening
of the BM. Over the entire experimental period this parameter
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Fig. 8. Absolute volume, 10 p.3 , of mesangial basement membrane
material in a mean glomerulus in diabetic (0) andcontrol (•) rats. The
regression lines are shown.
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Fig. 9. Total surface area, 103i.,.2, of the capillary and inesangial
interfaces toward the urinary space in a mean glomerulus in control
(•) and diabetic (0) rats. Regression lines are shown.
behaved exactly as in diabetic patients over the first years of the
disease. The efficiency of the sampling and measuring proce-
dures is illustrated by the very low total variation between
animals with respect to the two regression lines (CV < 7%),
identical to the observation by Steffes et a! [15] using the same
methodology. Most of that rather small variation is furthermore
due to true variation between animals [16]. The peripheral
capillary BMT in the diabetic rats, therefore, reflects very well
the early and moderately advanced stages in patients and it has
already been useful for evaluating whether or not it is possible
to influence these stages by various treatments [15, 17]. Howev-
er, the thickening did not progress to an extent as that seen in
advanced stages of diabetic glomerulopathy in humans, despite
the fact that the rate of thickening 20 to 25% in the first year is
roughly four times that seen in diabetic patients during the first
years [14].
The results of measurements of mesangial regions as well as
of the mesangial BM-like material all failed to show progression
with the duration of diabetes: Over the observation period,
which in practice cannot be much longer than the 18 months in
the present experiment, the diabetic rats did not develop
anything like the end-stage picture.
In other studies of experimental diabetes much emphasis has
been put on the mesangial changes [1, 18—20], and these
abnormalities have been considered an expression of the long-
term diabetic glomerulopathy. Some of the observations can be
interpreted as persisting, early abnormalities [18, 19]. Other
changes obviously indicate functional rather than structural
abnormalities [1, 19]. Some of the statements have concerned
light microscopic evaluation in which case the identification of
mesangium is obviously very different from that made when
using electron microscopy. A result in parallel with the present
one is the finding of no increase in 'index of mesangial thicken-
ing' from 3 to 6 months of diabetes [191.
In early, qualitative or semi-quantitative descriptions of long-
term diabetic rats rather severe glomerular structural alter-
ations were described, in some instances corresponding to
advanced stages of diabetic glomerulopathy [1, 21]. It is not
likely that the discrepancy with the present description should
be due to differences in the strain and sex of rats or the method
of induction of diabetes. Presumably the explanation can be
found in the fact, that in the qualitative descriptions, which
represented the state of the art at that time, attention was
focused on the abnormal glomeruli even though they may
represent a small minority of the whole glomerular population.
In quantitative studies statistically true expressions were ob-
tained and were valid for the whole kidney. These parameters
obviously are the important ones in terms of whole organ
function. The two ways of evaluating glomerular abnormalities
are fundamentally different; no direct comparison can therefore
be made between these studies.
The long-term diabetic rat appears not to be a good model of
long-term diabetic glomerulopathy. Whether or not this is due
to, for example, the short life span of rats, lack of appropriate
control animals, and so forth, is not presently known.
Summary. Exact parameters for relevant glomerular struc-
tures in the course of streptozotocin diabetes in rats with 1 to 18
months' duration were obtained with stereological methods.
Renal cortical tissue from diabetic (D) and control animals
(C) was processed for light- and electron microscopy and
measurements were performed on systematically sampled
glomeruli.
The thickness of the basement membrane (BM) increased
with age in both groups, but the rate of increase was 50% higher
in D: 19 1.2 nmlmonth (mean SD) vs. 13 0.9 nm/month,
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Fig. 10. Total volume, iO3p.3, of the basement membrane in the
peripheral capillary wall in a mean glomerulus in control (•) and
diabetic (0) rats with regression lines shown.
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P = 0.0003. The time course of other structural quantities was
characterized by the acute changes constituting the glomerular
hypertrophy, earlier shown to develop within the first few days
of diabetes. All these changes were confirmed in the present
study: In the earliest phase the diabetic rats showed an in-
creased total volume of glomeruli, mesangium, and mesangial
BM material, as well as an increased surface of the capillary
walls. However, none of these differences between the groups
showed progression with increasing duration. Mesangial
changes corresponding to those of the glomerulopathy in long-
term diabetes were not demonstrable within the experimental
period.
The streptozotocin diabetic rat, therefore, is not useful as a
model of advanced diabetic glomerulopathy. But the BM thick-
ness follows the same predictable time course as in human
diabetes insofar as moderately advanced cases are concerned.
BM thickness is the parameter of choice when a potential effect
of different variables on the development of diabetic glomeru-
lopathy is under study.
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